We report on calculations of energy levels, radiative rates, oscillator strengths, and line strengths for transitions among the lowest 253 levels of the (1s 2
Introduction
Iron group elements (Sc -Zn) are becoming increasingly important in the study of astrophysical plasmas, as many of their lines are frequently observed from different ionisation stages. These lines provide a wealth of data about the plasma characteristics, including temperature, density and chemical composition. Additionally, iron group elements are often impurities in fusion reactors, and to estimate the power loss from the impurities, atomic data (including energy levels and oscillator strengths or radiative decay rates) are required for many ions. The need for atomic data has become even greater with the developing ITER project. Since there is a paucity of measured parameters, one must depend on theoretical results. Therefore, recently we have reported atomic parameters for many ions of the iron group elements -see for example [1] - [4] and references therein. Among Ti ions, results have already been provided for Ti XXII [5] , Ti XXI [6] , Ti XX [7] and Ti XIX [8] , and here we focus our attention on Cl-like Ti VI.
Several emission lines of Ti ions have been observed in astrophysical plasmas, as listed in the CHI-ANTI database at http://www.chiantidatabase.org. We are not aware of any astrophysical observations for Ti VI, but many emission lines are listed in the 125-525Å wavelength range in the Atomic Line List (v2.04) of Peter van Hoof at http://www.pa.uky.edu/~peter/atomic/, because these are useful in the generation of synthetic spectra. However, laboratory measurements for lines of Ti VI were made as early as 1936 [9] . These and other later (but limited) measurements have been compiled by Sugar and Corliss [10] and are also available at the NIST (National Institute of Standards and Technology) website http://physics.nist.gov/PhysRefData/ASD/levels form.html.
As with measurements, theoretical work on Ti VI is also limited. Combining solar and laboratory measurements for some lines of Cl-like ions with calculations based on Hartree-Fock method, Gabriel and co-workers [11] - [12] listed some lines of Ti VI among the levels of the (3p 5 ) 2 P and (3p 4 3d)
configurations. As a result, their energies are the highest among all other calculations, and differ by up to 0.2 Ryd. For the 3s 2 3p 5 2 P o 1/2 level, their energy (0.04873 Ryd) is lower than from most other calculations and is only marginally higher than the MCHF result of 0.04614 Ryd. However, the energies compiled by NIST are included in the table, although for most of the levels (excepting lowest three) are not based on measurements, as noted in section 1. A major problem with the NIST listings is the orderings of the 3p 4 ( 3 P)3d 2 P 1/2,3/2 , 2 D 3/2,5/2 and 3p 4 ( 1 D)3d 2 P 1/2,3/2 , 2 D 3/2,5/2 levels, which are reversed and do not agree with most of the calculations, as elaborated below. Mohan et al [19] have discussed the discrepancy of level orderings, which is due to level mixing (also see Fawcett [14] ), but have still preferred to follow the NIST orderings. However, we obtain the same orderings of these levels in all calculations, irrespective of the size of CI included, as seen in Table 1 . In most CI calculations, a level designation is assigned based on the strength of the corresponding eigenvector/mixing coefficient. Sometimes the levels are so highly mixed that the same eigenvector may dominate over several levels and thus an unambiguous identification is not possible. However, this is not the case for the levels listed in Table 1 , although some of these are well mixed. For example, in our GRASP3 calculations the mixing coefficients for level 9 are 0.716 and 0.664 for 3p 4 ( 1 D Our orderings of energy levels are also confirmed by the calculations of Fawcett [14] and Froese Fischer et al [18] . Therefore, if the orderings of the 3p 4 ( 3 P)3d 2 P 1/2,3/2 , 2 D 3/2,5/2 and 3p 4 ( 1 D)3d 2 P 1/2,3/2 , 2 D 3/2,5/2 levels is reversed in the NIST listings then the discrepancy in energy levels of ∼ 1 Ryd reduces to only ∼ 0.1 Ryd.
The calculations of Fawcett [14] and Froese Fischer et al [18] provide similar energy levels, but the MCHF energy for the 3p
level is lowest among all calculations listed in Table 1 , and differs by up to 11%. For other levels, differences between our GRASP1 and MCHF [18] energies are up to 3%, with the MCHF energies being higher for some (e.g. 1-23), whereas for others (25-31) they are lower. As the HFR, MCHF and CIV3 energies are closer to each other for most of the levels (with the adjustment of orderings for CIV3) and differ with our GRASP1 calculations, by up to 0.2 Ryd, we discuss these further to understand the discrepancy.
CI is very important for Ti VI as already noted and hence we have performed larger calculations with 568 and 3749 levels in GRASP2 and GRASP3, and these results are also included in Table 1 . However, our GRASP2 energies have increased for most of the levels, by up to 0.17 Ryd, and the discrepancies therefore have become larger. This clearly indicates that GRASP2 does not have sufficient CI and therefore a much larger calculation is required, such as GRASP3. Our GRASP3 energies are lower than those from GRASP2 for most of the levels, by up to 0.2 Ryd, and are much closer to the HFR [14] , MCHF [18] and CIV3 [19] results. Therefore, we investigate the effect of further CI on the energies of these lowest 31 levels.
With our available computational resources it is not feasible to experiment with much larger CI using the grasp code than what is already included in GRASP3 calculations discussed above. However, we can perform much larger calculations with the Flexible Atomic Code (fac) of Gu [29] , available from the website http://kipac-tree.stanford.edu/fac. This is also a fully relativistic code which provides a variety of atomic parameters, and yields results for energy levels and A-values comparable to grasp, as already shown for several other ions, see for example: Aggarwal et al [30] for Mg-like ions and [5] - [8] for Ti ions. In addition, a clear advantage of this code is its very high efficiency which means that large calculations can be performed within a reasonable time frame of a few weeks. Thus results from fac will be helpful in assessing the accuracy of our energy levels and radiative rates.
As with the grasp code, we have performed a series of calculations using fac with increasing level of CI. However, here we focus on only two calculations, namely (i) FAC1, which includes 5821 levels among the 3* 
3p
4 4s and 3p 4 4p levels
In Table 2 we compare energies for the levels of the 3s 2 3p 4 4s and 3s 2 3p 4 4p configurations of Ti VI. Included in this table are energies from our calculations with the grasp (GRASP1 and GRASP3) and fac (FAC1 and FAC2) codes, plus the earlier CIV3 results of Mohan et al [19] . Energies for the levels of the 3s 2 3p 4 4s configuration are also available on the NIST website as well as from MCHF [18] , and are included in Table 2 .
As for the lowest 31 levels of Table 2 and discussed here we may conclude that energies for the levels of the 3s 2 3p 4 4s configuration listed on the NIST website are underestimated by up to 0.25 Ryd for most of the levels, and therefore a reassessment of their data is desirable.
3p 4 4d levels
In Table 3 we compare our energies with the grasp and fac codes for the levels of the 3s 2 3p 4 4d configuration with those of NIST and CIV3 [19] . As for other levels, agreement between our GRASP1 and NIST energies is satisfactory, but these are underestimated by up to 0. Table 4 . Energies obtained in our GRASP1 calculations are lower than those from GRASP3, FAC1 and FAC2, by up to 0.5 Ryd -see for example, the 3s
levels. This is clearly due to the limited CI included in the GRASP1 calculations. Discrepancies between the GRASP3 and FAC1 (or FAC2) calculations are lower than 0.08 Ryd, which is highly satisfactory. However, for some levels the orderings are slightly different between GRASP3 and FAC1, but both calculations provide comparable results to an accuracy of better than 1%.
Lowest 253 levels
In Table 5 we list our final energies, in increasing order, obtained using the grasp code with CI among 38 configurations listed in section 2, which correspond to the GRASP3 calculations. These configurations generate 3749 levels, but for conciseness energies are listed only for the lowest 253 levels, which include all levels of the 3s 2 3p 5 , 3s3p 6 Table 4 . Furthermore, data corresponding to all calculations for any desired number of levels up to 18,459 can be obtained on request from the first author (K.Aggarwal@qub.ac.uk).
Although calculations with the fac code have been performed with the inclusion of larger CI, energies obtained with the grasp code alone are listed in Table 5 . This is partly because both codes provide energies with comparable accuracy as demonstrated and discussed in sections 2.1 to 2.4, but mainly because LSJ designations of the levels are also produced in the grasp code. For a majority of users these designations are more familiar and hence preferable. However, we note that the LSJ designations provided in this table are not always unique, because some of the levels are highly mixed with others, mostly from the same but sometimes with other configurations. This has also been discussed by Mohan et al [19] . Therefore, care has been taken to provide the most appropriate designation of a level/configuration, but a redesignation of these cannot be ruled out in a few cases.
Among the 253 levels listed in Table 5 , and are underestimated by up to 0.5 Ryd. Similarly, the energy levels compiled by NIST are not only underestimated but also have reverse orderings for the 3p
levels. However, the earlier results of Mohan et al [19] with the CIV3 code [20] , although limited in scope, are comparatively more accurate, except for the levels of the 3s 2 3p 4 4s and 3s 2 3p 4 4p configurations, because they too have included larger CI in their calculations. Finally, based on our calculations with two independent codes, namely grasp and fac, with increasing amount of CI, and comparisons made with earlier (mostly theoretical) results, our energy levels listed in Table 5 are assessed to be accurate to better than 1%.
Radiative rates
The absorption oscillator strength (f ij ) and radiative rate A ji (in s −1 ) for a transition i → j are related by the following expression:
where m and e are the electron mass and charge, respectively, c is the velocity of light, λ ji is the transition energy/wavelength inÅ, and ω i and ω j are the statistical weights of the lower i and upper j levels, respectively. Similarly, the oscillator strength f ij (dimensionless) and the line strength S (in atomic unit, 1 a.u. = 6.460×10 −36 cm 2 esu 2 ) are related by the following standard equations:
for the electric dipole (E1) transitions:
for the magnetic dipole (M1) transitions:
for the electric quadrupole (E2) transitions:
and for the magnetic quadrupole (M2) transitions:
The A-and f-values have been calculated in both Babushkin and Coulomb gauges which are equivalent to the length and velocity forms in the non-relativistic nomenclature. However, the results are presented here in the length form alone because the velocity form requires the inclusion of negative energy states, which are not included, and hence those results are considered to be comparatively less accurate. In Table 6 we present transition energies (∆E ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S in a.u.) for all 7604 electric dipole (E1) transitions among the lowest 253 levels of Ti VI. The indices used to represent the lower and upper levels of a transition have already been defined in Table 5 . Also, in calculating the above parameters we have used the Breit and QED corrected theoretical energies/wavelengths as listed in Table 5 . However, only A-values are included in Table 6 [31] , are 508.6 and 524.1Å, respectively. These measurement agree within 3Å with our corresponding results of 511.9 and 527.5Å for the 1-3 and 2-3 transitions, respectively. In Table 7 we compare our oscillator strengths for transitions among the lowest 31 levels from all three calculations with grasp (GRASP1, GRASP2 and GRASP3) and two with fac (FAC1 and FAC2), with those of Froese-Fischer et al [18] and Mohan et al [19] from the MCHF and CIV3 codes, respectively. For strong transitions (f ≥ 0.01) there is comparatively good agreement among all calculations, except those from GRASP1, although there are differences of up to 50% for a few, such as 1-31 and 2-28. Since the GRASP1 calculations include only limited CI, differences with other results are up to a factor of two -see for example, transitions 1-27/29/30/31 and 2-28/29. However, the effect of CI is more apparent for the weaker transitions, because differences among the various calculations (excluding GRASP1) are up to an order of magnitudesee, for example transitions 1-12 and 1-16. Our GRASP2 calculations particularly illustrate the inadequacy of CI as may be noted for the 1-12 and 1-26 transitions, for which the f-values differ by up to three orders of magnitude! However, there is very good agreement among our GRASP3, FAC1 and FAC2 calculations for almost all transitions listed in Table 6 , although there are also some exceptions, such as the 1-12 and 1-26 transitions. Similarly, f-values from the MCHF calculations differ by up to a factor of three for several transitions, such as 1-5/7/16/26 and 2-6/16. Therefore, as for energy levels, the f-values from the MCHF code are not as accurate as those calculated here, because of the limited CI. However, quite unexpectedly the f-values from the CIV3 code are also not as accurate, because discrepancies for several transitions are up to an order of magnitude -see, for example, 1-16/17 and 2-16. This is in spite of the fact that Mohan et al have also included a large CI in their calculations. Before we discuss the differences further, we note that f-values for weaker transitions are generally less accurate, because mixing coefficients from several components may have an additive or cancellation effect, which affects the weaker transitions more than the strong ones. Nevertheless, a normal practice in a CIV3 calculation is to first survey all levels of a configuration and then eliminate those whose eigenvectors are below a certain limit (say ∼ 0.2) before performing a final run for transition rates. This exercise is undertaken to keep the calculations manageable within the limited computational resources available, and is the most likely reason for the differences in f-values between our elaborate calculations with the grasp and fac codes and those of Mohan et al with CIV3. Finally, for the two most important transitions of Ti VI, namely 1-3 (3p
calculations by Biémont and Träbert [17] and Berrington et al [32] are available. For these two transitions their f-values are 0.0228 and 0.02285, and 0.02315 and 0.02355, respectively, and the discrepancies with our results from grasp and fac are less than 10%. However, the corresponding results of Froese Fischer et al and particularly of Mohan et al from the MCHF and CIV3 calculations differ by up to 25%. A general criteria to assess the accuracy of radiative rates is to compare the length and velocity forms of the f-or A-values. However, such comparisons are only desirable, and are not a fully sufficient test to assess accuracy, as calculations based on different methods (or combinations of configurations) may give comparable f-values in the two forms, but entirely different results in magnitude. Generally, there is a good agreement between the length and velocity forms of the f-values for strong transitions (f ≥ 0.01), but differences between the two can sometimes be substantial even for some very strong transitions, as demonstrated through various examples by Aggarwal et al [30] . Nevertheless, in Table 7 we have also listed the ratio of velocity and length forms of the A-values corresponding to our GRASP3 calculations. For all strong transitions (f ≥ 0.01) the two forms agree within 20%, but differences are larger for weaker transitions, such as 1-7/8 and 2-6/7/9.
In Table 8 we compare f-values from our calculations with grasp (GRASP1 and GRASP3) and fac (FAC1 and FAC2) with those of Mohan et al [19] from the CIV3 code for transitions from 3p However, there is no (major) discrepancy between our GRASP3 and FAC1 f-values, although the differences for a few weak transitions are up to a factor of two, and the result for the 3p
transition is anomalous in GRASP3. Such anomalies for a few transitions in a large calculation are quite common irrespective of the method/code adopted. On the other hand the f-values of Mohan et al differ by a factor of two for a majority of transitions, and by an order of magnitude for a few weaker ones with f ∼ 10 −5 .
The close similarity of our results from the grasp and fac codes confirm that the corresponding f-values of Mohan et al are not accurate, for the same reasons as explained above. As in Table 7 , in Table 8 also we have listed the ratio of velocity and length forms of the A-values corresponding to our GRASP3 calculations. For all strong transitions (f ≥ 0.01) the two forms agree within 20%, which is highly satisfactory. However, differences are larger for some weaker transitions. Comparisons of the length and velocity forms of the A-values shown in Tables 7 and 8 are only for a few selected transitions, although they do give an indication of accuracy of our data. Similar comparisons made for all E1 transitions show that for almost all strong transitions the two forms agree to within 20%, but differences for 224 (∼3%) of the transitions are larger (up to 50%), and for five transitions (50-250: f = 0.026, 52-250: f = 0.012, 54-232: f=0.014, 55-233: f=0.010 and 59-236: f = 0.013), the two forms differ by up to an order of magnitude. Therefore, on the basis of these and earlier comparisons shown in Tables 7 and 8 we may state that for a majority of the strong E1 transitions, our radiative rates are accurate to better than 20%. However, for the weaker transitions this assessment of accuracy does not apply, because such transitions are very sensitive to mixing coefficients, and hence differing amount of CI (and methods) produce different f-values, as discussed in detail by Hibbert [33] . This is the main reason that the two forms of f-values for some weak transitions differ significantly (by orders of magnitude), and examples include 52-151 (f ∼10 
Lifetimes
The lifetime τ of a level j is defined as follows:
In Table 5 we include lifetimes for all 253 levels from our calculations from the grasp code. These results include A-values from all types of transitions, i.e. E1, E2, M1 and M2. The only available experimental result for a lifetime is for the 3s3p 6 2 S 1/2 level by Dumont et al [34] . Table 5 of [32] , and hence are comparatively less accurate. Since lifetimes for another 86 levels are available from the calculations of Mohan et al [19] , we compare these in Table 9 with our work with the grasp code. Two sets of τ are listed in Table 9 , namely those with E1 contribution alone (GRASP3a) and those which also include the contributions from E2, M1 and M2 (GRASP3b). For levels for which E1 transitions are possible, contributions from the E2, M1 and M2 transitions are negligible, but they are useful in determining τ for all levels -see for example, levels 2/4/8. 
Conclusions
In this work, energy levels, radiative rates, oscillator strengths and line strengths for transitions among 253 fine-structure levels of Ti VI are computed using the fully relativistic grasp code, and results reported for electric and magnetic dipole and quadrupole transitions. For calculating these parameters an extensive CI (with up to 3749 levels) has been included, which has been observed to be very significant, particularly for the accurate determination of A-values and lifetimes. Furthermore, analogous calculations have been performed with the fac code and with the inclusion of even larger CI with up to 18,459 levels, but the additional CI included does not appreciably affect the magnitude or orderings of the lowest 253 energy levels. Based on a variety of comparisons among different calculations, the reported energy levels are assessed to be accurate to better than 1%.
There is a paucity of measured energies for a majority of the levels of Ti VI, and those compiled by NIST are not as accurate as expected, because they are mostly based on earlier calculations involving limited CI. Additionally, the orderings of some of the levels are reversed in the NIST listings, and therefore a reassessment of their energy levels is highly desirable.
Earlier theoretical energies [19] are available for up to 88 levels. Although the calculations of Mohan et al [19] also included extensive CI, their energy levels are not as accurate as presented in this paper. Discrepancies are greater for the A-values between their data and the present calculations. As for the energy levels, extensive comparisons, based on a variety of calculations with the grasp and fac codes, have been made for the Avalues, and the accuracy of these is assessed to be ∼ 20% for a majority of the strong transitions.
Lifetimes are also reported for all levels but measurements are available for only one level of Ti VI for which there is no discrepancy with the present work. However, the corresponding lifetimes of Mohan et al [19] are significantly overestimated, by up to an order of magnitude, for a majority of the common 88 levels. This is mainly because they have not included the contribution of the levels of the 3s3p 5 3d and Finally, calculations for energy levels and radiative rates have been performed for up to 18,459 levels of Ti VI, but for brevity results have been reported for only the lowest 253 levels. However, a complete set of results for all calculated parameters can be obtained on request from one of the authors (K.Aggarwal@qub.ac.uk). 
